INTRODUCTION
Lung cancer is one of the leading causes of cancer deaths worldwide. It is incurable and possesses varied epidemiology on the basis of gender, geographic regions and age. This is especially true for non-small-cell lung cancer (NSCLC), which accounts for ∼ 80% of all lung cancers and has a 5-year overall survival rate o15%. 1 In addition, ∼ 40% of all patients diagnosed with NSCLC have unresectable stage III disease or medically inoperable disease. Traditional therapeutic strategies, such as surgery, chemotherapy and even radiotherapy, are the main modalities for NSCLC patients, but high systemic toxicity and drug resistance result in poor survival in most cases. Thus, enhancing patient survival by developing new therapeutic methods is urgently needed. The CRISPR/Cas9 system from Streptococcus pyogenes was discovered as a genome editing tool for human genome in the year 2012, and advances to optimize CRISPR/Cas9 have paved a way to develop lung cancer treatment. This review suggests the utility of CRISPR/Cas9 for therapeutic application in lung cancer treatments.
LUNG CANCER There are two major historical groups for lung cancer: small-cell lung cancer (SCLC) and NSCLC. NSCLC is further grouped as adenocarcinoma, squamous cell carcinoma and large-cell undifferentiated carcinomas that cover 80-85% of lung cancers. SCLC is far more lethal than NSCLC, but it covers 15-20% of all lung cancers. Depending on which cells in the lungs are affected by the cancer, SCLC is split into small-cell carcinoma (the most prominent type), mixed small-cell carcinoma and combined small-cell carcinoma. Besides the two major types of lung cancer, there are other types of tumors that can appear in the lungs, and some of these are benign. 2 In lung cancer, the most consistent genetic abnormalities are the loss of the short arm of chromosome 3 and the hyperproliferation of chromosomes 1 and 12. The loss of 3p alleles was observed in 490% of SCLC and ∼ 50% of NSCLC. Some tumor suppressor genes such as RASSF1A on 3p21 are absent in all SCLCs and in 65% of NSCLCs. Other candidates at the 3p are RARB, 3 FHIT, 4 β-catenin 5 and caveolin-1. 6 Three major types of cancer treatments include local treatment by surgery or radiations, systemic treatment by chemotherapy and a combination of both. Clinically, multimodality therapy is the most common treatment of cancer. In addition, immunological therapy and gene therapy have gained interest in recent years, and their clinical application is in the developmental phase. Although surgery is one of the important therapies for lung cancer patients, a large fraction of patients cannot undergo resection. Therefore, there is an urgent need for therapeutic strategies avoiding curative resection. The currently used chemotherapy for the treatment of lung cancer includes the use of cisplatin-and platinum-based chemotherapy that brings conformational changes, as the intrastrand cross-links hinder DNA replication. Cytotoxic effects include mitochondrial damage, decreased ATPase activity and altered cellular transport mechanisms during the S phase and arrest cell cycle at the G2 phase. Again, the chemotherapeutic drug docetaxel interferes with mitosis and ceases relatively fast in dividing cancer cells. Major drawbacks include cells developing resistance after median period of therapy cycle, and thus the treatment stops. These drugs generally lack specificity and may kill healthy cells too, and hence continuing long treatment is not possible because of the side effects such as loss of hair, nausea, vomiting, gastrointestinal tract disturbances and hematotoxicity. Bypassing the side effects of drugs, personalized therapy directed to a particular molecular target has been developed (Table 1) for NSCLC. For lung adenocarcinoma, various studies are ongoing to discover molecular targets and directed therapies to the targets. A study on 623 genes in 188 tumors revealed several new molecular targets in addition to TP53, KRAS, STK11, EGFR and CDKN2A. The study also revealed several known genes with lower mutation frequencies-PTEN, NRAS, ERBB2, BRAF and PIK3CA. The newly identified genes include tumor suppressor genes (NF1, RB1, ATM and APC) along with tyrosine kinase genes (ephrin receptor genes, ERBB4, KDR, FGFR4 and NTRK genes) that may function as protooncogenes. Apart from these, alterations in genes from the MAPK, p53, Wnt, cell cycle and mTOR signaling pathways have also been demonstrated. These molecular targets are either mutated and have altered gene expression or they have altered copy number. Inhibitors of the MEK kinase could be tested in tumors with NF1 mutations, whereas inhibitors of KDR, such as sorafenib and sunitinib, might be tested in tumors with KDR mutations. 7 Using information from patient's tumor profile and designing treatment has revolutionized the personalized treatments not only for genomic targets but also for epigenetic targets such as DNA methyltransferases (DNMTs) and histone deacetylase ( Table 2) . Unfortunately, the currently designed therapies have failed and the reasons for their failure are depicted in Tables 1 and 2 . Furthermore, most of the DNMT inhibitors are not stable in neutral aqueous solution, and they readily disintegrate forming more stable and toxic analogs, and their efficacy is likely affected by limited stability and rapid inactivation by cytidine deaminase in the liver, 8 yet the effectiveness of DNMT inhibitors against solid tumors is quiet promising for lung cancer and several malignancies. 2 It has been widely known that epigenetic proteins lack the intrinsic capability to bind to target, and therefore it requires a certain protein to recognize the target. Henceforth, treatment by inhibitors of epigenetic proteins may cause gene expression change at a global level and an array of side effects. Further knowledge about tissue-specific epigenetic phenomena and related gene may help in enhancing the administration of drugs to reset the aberrant epigenome in cancer. 9 Consequently, permanent modulation of the epigenetic protein localized to a given target can be opted. Two ways for permanent genome modulation have until now been reported, that is, either based on the use of nucleic acid or of proteins. Epigenetic editing via nucleic acid-based method uses small interfering RNA (siRNA) molecules delivered to the cell. These siRNAs either target the cytosol or the nucleus. On the basis of their target sites, the mechanism of action differs; within the cytosol siRNAs degrade mRNAs, consequently leading to post-transcriptional silencing of the gene. However, siRNAs within the nucleus can regulate the cognate gene inducing methylationrelated changes. 10 For lung cancer, DNMT1 mRNA has been targeted. For instance, in a study on lung cancer cell lines CALU-6 and A459, siRNA, complementary to DNMT1 m-RNA lowered DNMT1 level and thus expressing RASSF1A, CDKN2A gene. MicroRNAs (miRNAs) are found to be linked to the functioning of DNMTs. This suggests miRNA as a target option for epigenome modulation. In lung cancer, overexpression of miR-29 is linked to downregulated DNMT-3a and 3b, and it was shown to have restored the silenced tumor suppressor genes. 11 Recently, downregulation of SIRT6, NAD (+)-dependent class III deacetylase sirtuin, was found in NSCLC linked to proliferation, differentiation and apoptosis of cancer cells. Theoretically, overexpression of SIRT6 or silencing Twist1 is one of the options. SIRT6 is found to inhibit the expression of Twist1. 12 Downregulation by antisense or siRNA works well to restore the reexpression of aberrantly hypermethylated genes, but still there are controversies mainly because of the risks associated with the application to humans, that is, instability, nonspecific effects and complexity in developing a suitable delivery system. Protein-based gene modulation is based on the construct with the DNA sequence recognizing motif, that is, DNA-binding domain fused to the effector domain that targets a particular gene. Initial advancements in the DNA-binding domains used for treatment and research purposes in cancer have two options: ZF (zinc finger) and TALE (transcription activator-like effector) domains. Particularly for epigenetic editing, proteinbased modulating tools ZFN and TALENS may not serve as a versatile tool because epigenetically silenced chromatin is usually highly compacted and thus it can be inaccessible to these motifbound reactivation proteins. Although various studies have used transcription-activating drugs together with the construct, RNA-guided endonuclease may serve as another option.
TYPE II CRISPR/Cas9 SYSTEM CRISPR/Cas is heritable and part of the adaptive immune system in bacteria and archaea generating response against invading phages and plasmids. Clustered regularly interspaced short palindromic repeats (CRISPRs) and CRISPR-associated (Cas) protein locus encodes Cas proteins and a repeat-spacer array consisting of interspersed identical repeat sequences and unique invadertargeting spacer sequences. A type II CRISPR/Cas9 system is an adaptive immunity system, in which CRISPR spacers direct to the target, whereas Cas enzymes control spacer acquisition and phage defence. 13 The type II system responsible for cell immunity essentially comprises at least three parts: Cas endonucleases, the mature CRISPR-RNA (crRNA) and trans-activating crRNA (tracrRNA). With several Cas protein loci, only Cas9 is said to have endonuclease activity. 14 (Figure 1 ) CRISPR/Cas-mediated immune response involves three stages ( Figure 2 ): first is the adaptation phase, in which part of the sequences encoded by the virus or plasmid is integrated to the host chromosome flanking the CRISPR array at one end. This foreign DNA is called spacer, and it integrates permanently and becomes memory for the next invasion by the same virus or plasmid; hence, it has a role in adaptive immunity. The second stage is the expression phase, in which transcription of the CRISPR array to pre-crRNA takes place, followed by the third-stage interference where processed pre-crRNAs guide Cas protein(s) to the invading nucleic acid and cleave the cognate for their ultimate destruction. 15 The third stage, interference for type II, is slightly expensive, as it requires RNase III to cleave hybridized crRNA-tracrRNAs, and remove the 5′ end of each spacer, yielding mature crRNAs attached to both tracrRNA and Cas9; crRNA guides cas9 to cleave the target DNA 16 (Figure 3 ). CRISPR uses Watson and Crick base pairing to bind to the target DNA, and it requires the recognition of a short trinucleotide protospacer adjacent motif (PAM). It ignores the sequence that is fully complementary to crRNA if PAM is absent. PAM acts as a site at which two strands start to separate and PAM proximal region seeds R loop formation between Cas9 and the DNA target. 16 A recent study on in vitro characterization of Cas9 binding and cleavage using all-in-one retroviral delivery vectors coexpressing two single-guide RNAs (sgRNAs) and Cas9(D10A) nickase revealed that binding to the target is not enough for nuclease catalytic activity, but the extent of base complementarity between PAM-distal target and 5′ crRNA sequences is what fully determines cleavage activity. 17 For S. pyogenes, PAM site consensus sequence was reported to be 5′-NGG-3′. Cas9 has arginine residue conserved at its carboxy terminal, which interacts via a major groove and reads out 5′-NGG-3′, whereas the complementary strand that lies in the minor groove interacts with the phosphodiester group at the +1 position in the target DNA strand causing the regional strand separation upstream of the PAM. 18 Cas9 consists of two distinct endonuclease domains, that is, HNH and RuvC/RNase H-like domains, both catalyzing the cleavage of the target DNA strand. 15, [19] [20] [21] [22] Cas9 is a multidomain enzyme 23 that uses an HNH nuclease domain to cleave the target strand (defined as complementary to the spacer sequence of crRNA) and a RuvC-like domain to cleave the nontarget strand, enabling the conversion of the double-stranded DNA cleaving Cas9 into a nickase by selective motif inactivation. 24 Cas endonucleases usually disrupt the particular virus or plasmid creating double-strand break (DSB) and repair ends via nonhomologous end joining, generating insertions or deletions (indels) and leading to frameshifts. 25 The type II bacterial system from S. pyogenes, as depicted in Figure 1 , cleaves DNA in vitro simplified through the fusion of the crRNA and tracrRNA via hairpin linker region termed as guide RNA scaffold. 26 In in vitro conditions, site-specific disruption can be done by designing a construct comprising promoter-driven Cas9 and guide RNA scaffold to which a customized target sequence of 20 nucleotides in length including 5′-NGG-3′ as PAM within the sequence can be inserted. This target sequence guides cas9 to specific sites within the genome (Figure 4 ). The CRISPR/Cas9 systems need to be carefully designed to avoid potential off-target cleavage sites, including those with mismatches to the 12 bases proximal to the guide strand PAM. In addition, because non-Watson-Crick base pairing is known to occur, 27 it is possible that CRISPR/ Cas9 systems have more off-target activities compared with corresponding ZFNs and TALENs. 28 
CRISPR/Cas9 SYSTEM AS A GENOME MODULATION TOOL IN HUMANS
The discovery that type II CRISPR/Cas system from Streptococcus thermophilus can mimic in Escherichia coli 29 was a breakthrough for using the system either from S. thermophilus or S. pyogenes in vitro. 30, 31 Jinek et al. developed sgRNA for S. pyogenes system that complements the crRNA and tracrRNA in original type II system. 26 This system was capable of DNA binding and cleaving the target as directed by sgRNA, that is, the fused crRNA-tracrRNA, bypassing the processing part. 32 Another strategy to utilize this system has been developed, which is referred to as homologydirected repair, in addition to DSB followed by nonhomologous end joining that can only disrupt the gene either by insertions, deletions or frameshifting the transcript. 33, 34 Precise base-pair mutations into the Tet1 and Tet2 genes was done through homology-directed repair-mediated coinjection of single-stranded mutant DNA oligos, sgRNAs and Cas9 mRNA. 35 This system is highly efficient to target multiple genes in one go. CRISPR/Cas9 mediated simultaneous disruption of five genes (Tet1, 2, 3, Sry, Uty-8 alleles) in mouse embryonic stem cells by co-injection of Cas9 mRNA and sgRNAs targeting Tet1 and Tet2 into zygotes. This generated mice with biallelic mutations in both genes with an efficiency of 80. This technique cuts short the traditional recombination and intercrosses in mice to generate multiple mutations, thus accelerating in vivo studies of functionally redundant genes and epistatic gene interactions. 36 However, for multiple gene modulations, co-transfection of multiple plasmids showed variable gene expression levels. The reasons for this observation could be difference in copy number and transient gene activation leading to variations in the desired outcome. A lentiviral construct with Cas9 or a dCas9 variant, a reporter gene and up to four sgRNAs, each from independent Pol III promoters, was designed majorly for human cells. This system was efficient to facilitate multiplex gene editing. 37 Not just multiple gene targeting, the efficiency of gRNA to detect single-nucleotide polymorphism enables allele-specific gene modulation. In one study, the specific gRNA for the F344-albino mutation (gRNA:Tyr c ) only targeted the F344-allele, whereas the gRNA for DA-wild-type (gRNA:Tyr C ) only targeted the DA-allele, thereby changing the dominant coat-color phenotype of the F1 pups. This study also revealed interallelic gene conversion as inferred from albino coat-color rats that carry homozygous alleles of F344 QUOTE. CRISPR/Cas9 proves to be a highly efficient tool for allele-specific gene modulation by either silencing the gene or crossing homologous chromosomes to repair the dominant disease-related allele. 38 It has also been proven to be a mammalian genetic Although CRISPR-associated RNA-guided nucleases are highly efficient genome editing tools, they serve off-target effects. It has been found that RNA-guided nucleases can induce mutations at sites that differ by as many as five nucleotides from the intended target. To overcome this problem, truncated gRNA has been used, and it is reported that shorter regions of target complementarity o20 nucleotides in length can decrease the undesired mutagenesis at some off-target sites by 5000-fold or more without sacrificing on-target genome editing efficiencies. 39 Cas9 endonuclease has been engineered to check its other potentialities. The Cas9 is converted to nickase by changing D10A in the RuvC1 domain or H840A in HNH-like domains in Cas9 40-42 that facilitates homology-directed repair in mammalian genomes with reduced mutagenic activity. Nickase Cas9 is further explored for improving the target specificity of Cas9. Combined with two complementary offset sgRNAs, Cas9 was found to generate indels, thereby reducing unwanted cleavage because base excision repair mechanism mends individual off-target single-stranded nicks with high fidelity. 43 
ENGINEERING dCas9
Inactivated cas9 (dCas9) has been engineered to control the expression of endogenous genes termed CRISPRi/a systems. This system enables the localization of effector domains to repress or activate gene transcription without modifying DNA. 31, 39 dCas9 was fused with a C-terminal VP64 acidic transactivation domain, transfected in human embryonic kidney 293T (HEK293T) cells with four gRNAs designed to target the promoter of IL1RN gene, leading to substantial induction of IL1RN. 44 The DNA-binding activity of a Cas9 catalytic inactive mutant has been exploited to engineer RNA-programmable transcriptional silencing and activating devices. 31, 45 Previously unmodified dCas9 rendered a modest block in transcription in mammalian cells, limiting the utility of the system as a tool for programmed knockdown of genes; however, recent advances, that is, codon-optimized sp CRISPR/Cas9, have paved the way for human cell gene knockdown or transcriptional regulation. Catalytically inactivated Cas9 (dCas9) directed to the coding region of a gene blocks RNA polymerase binding or elongation, thus repressing the transcription in bacteria. Eukaryotic genome is highly complex; genes are regulated at the DNA level by cognation of activating and repressive transcription factors acting at DNA regulatory elements, whereas at the chromatin level they are regulated by epigenetic modifications such as histone or DNA, acetylation and methylation, deacetylation and demetylation. dCas9 was proven to be efficient to target eukaryotic genome even without any human-oriented optimization. Recently, dCas9 was developed for the human cell with codon optimization and construct carrying human codonoptimized dCas9 fused to two copies of a nuclear localization sequence, a hemagglutinin tag and blue fluorescent protein fused to a certain effector domain that could be either repressive or activating. For instance, using a dCas9-fused KRAB domain shows a fivefold decrease in green fluorescent protein signal, whereas cells expressing dCas9 alone, dCas9-CS or dCas9-WRPW show a twofold decrease in green fluorescent protein signal. The other group proved that dCas9 alone (that is, without use of the KRAB domain) is capable of repression of up to 86% for endogenous human genes efficiently with specific and correct sgRNA target sites. 46 In addition, CRISPR-Cas9-based acetyltransferase consisting of the nuclease-null dCas9 protein was fused to the catalytic core of the human acetyltransferase p300. The fusion protein catalyzes acetylation of histone H3 lysine 27 at its target sites, leading to robust transcriptional activation of target genes from promoters and both proximal and distal enhancers. Gene activation by the targeted acetyltransferase was highly specific across the genome. 47 dCas9 has been used for simultaneous induction of multiple endogenous genes with defined stoichiometry. In the CRISPR-on system, a novel class of artificial transcription factors was designed and checked for activation of the endogenous IL1RN, SOX2 and OCT4 genes simultaneously. 48 CRISPR/Cas9 system is far more flexible and useful than short hairpin RNA (shRNA) for knockout screens 49, 50 for the study of phenotypes that require complete inactivation of genes. Currently in mammalian cells, RNA interference (RNAi) is the predominant method for genome-wide loss-of-function screening; CRISPRi may serve more purposes as the utility of RNAi ceases because of its inherent incompleteness of protein depletion and confounding off-target effects. 51 Cas9/sgRNAs can target elements across the entire genome, as the targeting specificity is conferred by short guide sequences that can be easily generated at a large scale by arraybased oligonucleotide library synthesis. It can also target promoters, enhancers, introns and intergenic regions, whereas RNAi is just limited to transcripts. dCas9 can be sequestered to functional domains 39, 52 to broaden the repertoire of perturbation modalities, including genome-scale gain-of-function screening using Cas9 activators and epigenetic modifiers. The lentiviral delivery of a genome-scale CRISPR-Cas9 knockout (GeCKO) library targeting 18 080 genes with 64 751 unique guide sequences enabled both negative and positive selection screening in human cells. GeCKO (genome-scale CRISPR-Cas9 knockout) library was created and used to identify genes that were essential for cell viability in cancer and pluripotent stem cells. Furthermore, in a melanoma model, genes whose loss is involved in resistance to vemurafenib, a therapeutic that inhibits mutant protein kinase BRAF, were found including previously validated genes NF1 and MED12, as well as novel hits NF2, CUL3, TADA2B and TADA1. 53 RNAi is already being used for therapeutic purposes, and these results make way for entry of CRISPR/Cas9 technology in therapeutic applications. 39 The ability to precisely regulate any gene as it occurs naturally in the genome provides a means to address a variety of diseases and disorders. 54 CRISPRi can be used for multiplexed control of endogenous genes by dCas9 fusion protein and stably repressing genes comparable to gene silencing efficiency typically achieved by RNA interference while minimally affecting transcription of nontargeted genes. 39 CRIPSRi has proved its worth not only in controlling gene expression but also in sequence-specific inhibition of miRNA. Three stable NIH3T3 reporter cell lines were reported, each of which expressed a doxycycline-inducible shRNA and a Venus-sensor fusion protein containing the target shRNA region to enhance measurement sensitivity. crRNAs were designed to separately recognize the linker between the loop and seed region of shRNAs 1-3 in the three vectors (Crispsh1-3). After transient transfection of Crispsh1, 2 and 3 separately into the corresponding reporter cell lines, a significant enhancement of fluorescence signal was detected, indicating that the inhibition of the targeted shRNAs might result from specific DSBs in the target regions. 55 Virtually, CRISPR/Cas9 may target genes that are molecular targets or epigenomic targets for lung cancer, paving the way for gene therapies and bypassing drawbacks of molecular targeted drugs and epigenetic inhibitors.
Although until now this is in infancy, engineering CRISPR/Cas9 to target gene for therapeutic purpose if proved successful can pave the way to a new era of gene therapy with permanent cure.
VARIED UTILIZATION OF CRISPR/Cas9 IN CANCER STUDY AND TREATMENTS
The CRISPR/Cas9 system is a breakthrough in the study of cancer genes in mouse models. Xue et al. 56 used hydrodynamic injection to deliver a CRISPR plasmid DNA expressing Cas9 and sgRNAs to the liver that directly targeted the tumor suppressor genes PTen and p53, alone and in combination, and found results phenocopying deletion of the gene using Cre-LoxP technology, proving its feasibility of use for efficient correction of a genetic disease. In a study on lung adenocarcinoma, adeno-associated virus was used to model the dynamics of KRAS, p53 and LKB1, and it successfully generated loss-of-function mutations in p53 and Lkb1, as well as homology-directed repair-mediated KRAS G12D mutations forming tumors of adenocarcinoma pathology. 57 Expanding the utility, CRISPR/Cas9 can be used to assess novel and putative targets and their functional significance. SF3B1 provided the first causal link between SF3B1 hot-spot mutations and splicing alterations. SF3B1-mutant cells are not dependent upon the mutated allele for in vitro growth, but instead depend upon the function of the remaining wild-type alleles. This was made possible by the Degron-KI system (CRISPR/Cas9-mediated knock-in of inducible degron tags). 58 For most kinds of chromosome structural aberrations that were hard to mimic, CRISPR/Cas9 proved its efficacy to model them successfully. Targeted DNA fragment inversions and duplications of DNA fragments ranging in size from a few tens of bp to hundreds of kb can be easily achieved in human and mouse genomes by CRISPR with two sgRNAs. In addition, DNA fragment duplications and deletions are generated by CRISPR through trans-allelic recombination between the Cas9-induced DSBs on two homologous chromosomes (chromatids) and have paved a way to study millions of regulatory DNA elements, as well as vast numbers of gene clusters. 59 Chromosomal rearrangements that lead to expression of therapeutically actionable gene fusions is common in pathogenesis of human cancers. Modeling such genetic events in mice has proven challenging and requires complex manipulation of the germline. The CRISPR/Cas9 system efficiently induced specific chromosomal rearrangements in vivo using viral-mediated delivery to somatic cells of adult animals. A mouse model of Eml4-Alk-driven lung cancer was generated successfully that harbored tumor with Eml4-Alk inversion, expressing the Eml4-Alk fusion gene, displaying histopathological and molecular features typical of ALK(+) human NSCLCs, and responded to treatment with ALK inhibitors. 60 Tackling multiple genes together using CRISPR/cas9 has led to synthesizing AND gate genetic circuit for the identification of CRISPR/Cas9 for lung cancer treatment cancer cells and stringent hold of specificity and efficacy of cancer gene therapy. The circuits integrate cellular information from two promoters as inputs and activate the output gene only when both inputs are active in the tested cell lines. Circuits have been created for genes such as hBAX, p21 and E-cadherin. The circuits effectively inhibit bladder cancer cell growth, induce apoptosis and decrease cell motility by regulating the corresponding gene. Thus, CRISPR/ Cas9 has proved its worth for synthetic biology. 61 Recent advances made in CRISPR/Cas made efficient inhibition of miRNA. Modified CRISPR interference system prevents the expression of both monocistronic miRNAs and polycistronic miRNA clusters. This system serves several advantages over chemically modified complementary antisense oligonucleotides that need expensive modifications and made loss-of-function miRNA mutations much simpler than homologous recombination. Zhao et al. 55 established three exogenous shRNA 1-3 stably in NIH3T3 reporter cell lines. crRNAs were designed to separately recognize the linker between the loop and seed region of shRNAs1-3 in the three vectors (Crispsh1-3) that inhibited the targeted shRNAs. DrugTargetSeqR combines high-throughput sequencing, computational mutation discovery and CRISPR/Cas9-based genome editing. Physiological targets of drugs can be identified using CRISPR/Cas9-mediated genome editing in combination with high-throughput sequencing and computational mutations. To find the target for a drug, the target protein is mutated, which confers resistance to the drug in cells, as well as suppresses drug activity in a biochemical assay. For instance, using the technique DrugTargetSeqR, ispinesib, an inhibitor of kinesin-5, is reported to be an anticancer agent. 62 Selinexor, an oral bioavailable inhibitor of exportin-1 (CRM1/ XPO1), is a potential anticancer drug currently under evaluation in human clinical trials, and it was recently validated using CRISPR/ cas9 for drug target. A homozygous mutation C528S in the XPO1 gene made cells resistant to selinexor (KPT-330) and thus validates XPO1 as the prime target of selinexor in cells and identified the selectivity of this drug toward the cysteine 528 residue of XPO1. 63 Furthermore, CRISPR-Cas9 allows comprehensive identification of protein domains that sustain cancer cells and are potential targets for drugs and therapy. This is done by selecting exons encoding protein functional domain. A screen of 192 chromatin regulatory domains in murine acute myeloid leukemia cells identified six known drug targets and 19 additional dependencies. 64 Most of all, the CRISPR/Cas9 system is a perfect replacement for almost all long experimental procedures for cancer gene therapies. CRISPR/ Cas9 targeting the promoter of human papillomavirus (HPV) 16 E6/E7 and targeting E6 and E7 transcript revealed that CRISPR/ Cas9 targeting promoter, as well as targeting E6 and E7, resulted in the accumulation of p53 and p21 proteins, thus reducing the proliferation of cervical cancer cells in vitro and in vivo and remarkably inhibiting tumorigenesis in mice. This paved a way for application of CRISPR/Cas9 to target HR-HPV key oncogenes in cervical and other HPV-associated cancer therapies. 65 
FUTURE DIRECTIONS
Although varied drugs and therapies have been developed for lung cancer treatment, over the past 5 years overall survival rates have not improved much. In addition, in most of the patients, lung cancer is diagnosed already in advanced stages with heterogeneous tumors, where single therapy is mostly ineffective. A combination of therapies is being administered and specific genes are targeted in specific tissues while protecting normal cell, but most of the therapies face drawback for the development of resistance against them and tumor progression. Therefore, a therapeutic implication for various therapies needs to be complemented by divergent strategies. Virtually, cas9 can target any gene in a tissue-selective manner (tissue-specific promoters in plasmid or viral construct) either inhibiting, repressing, activating, translocating, inverting or duplicating them, and hence CRISPR/Cas may serve as a boon for lung cancer therapeutics. It may repress overexpressed epidermal growth factor receptor, overcoming the main setback of tyrosine kinase inhibitor or Alk-activated pathway that are still in infancy. K-RAS is one of the primary targets for gene therapy using RNAi; CRISPRi is a perfect candidate to overtake with increased number of advantages over RNAi, such as it does not compete with endogenous machinery such as miRNA expression or function. In addition, CRISPR/Cas9 acts at the DNA level, and therefore it opens ways to target transcripts such as noncoding RNAs, miRNAs, antisense transcripts, nuclear-localized RNAs and polymerase III transcripts and possesses a much larger targetable sequence space, as promoters and, in theory, introns also. 39 Recent studies on CRISPR/Cas9 to target multiple genes may pave a path to treat multiple mutation in a heterogeneous mass of tumor in NSCLC. Regulating hepatocyte growth factor in Met-derived NSCLC may be done through CRISPR/Cas9. Not just genes marked for molecular targets for particular cancer, CRISPR/Cas9 may be used to modulate epigenetic enzyme. CRISPR/cas9 proves to be a better option to target either DNMT or histone deacetylase for lung cancer treatment, overcoming an array of side effects that follow DNMTi utilization. Engineered dCas9 can recruit the effector domain attached to it, and it can precisely recruit any of the major chromatin-remodeling complexes such as histone acetylases and deacetylases, methylases and demethylases, DNA methylases and demethylases and so on, opening new ways to examine the nature of epigenetic control and modulate expression states. All of these recent advances and those to come in developing and optimizing Cas9-based systems for genome and epigenome editing should propel the technology toward therapeutic applications, opening the door to treating a wide variety of human diseases. Further development of such approaches could give rise to a completely new pharmacological treatment class that might contribute to erasing of disease-associated genomics and epigenomic signatures.
